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The reactions of chloroaromatic radical anions with oxygen were studied with a triple
quadrupole mass spectrometer. Two chlorobenzenes and eight polychlorinated biphenyls
were analyzed by gas chromatography-tandem mass spectrometry under negative ion
chemical ionization. The molecular radical anions were selected with the first quadrupole
and reacted with oxygen in the collision cell. Under these conditions, [M + 0 - Cl] ions
were obtained with intensities similar to those of the transmitted precursor ions. This
dechlorination reaction was not affected by a detectable chlorine isotope effect. The intensi-
ties of the [M + 0 - Cl] ions vary with the nature of the chloroaromatic compounds and
with the oxygen pressure and collision energy. Charge transfer reactions are also observed,
and the relative amount of 0i' produced is controlled by the relative electron affinity of
the organochlorine. At high collision energies, collision-induced fragmentation of the molecu-
lar ion competes for the production of Cl~. © 1996 American Society for Mass Spectrometry
(J Am Soc Mass Spectrom 1996, 7, 1144-1150)
The electron capture negative ion (ECNI) massspectra of many chlorinated compounds showions at M - 19 [1-3]. These ions correspond to
addition of one oxygen atom to the molecule with the
loss of one chlorine atom. The reaction proceeds
through addition of O2 , which is present in trace
amounts in the source, to the organochlorine to form
an intermediate that subsequently loses OCl' to pro-
duce an even electron [M + 0 - Cl] anion [4]. Many
investigators deliberately have introduced oxygen into
the source to enhance these reactions to obtain substi-
tution pattern information by using the molecular and
other ions derived from many polychlorinated diben-
zofurans [5] and dioxins [6]. Collision-induced dissoci-
ation (CID) experiments on the [M + 0 - Cl] ions of
various polychlorinated biphenyls (PCBs) also were
performed for the same purpose [7]. The toxicological
properties of these pollutants vary with their substitu-
tion pattern, which is difficult to determine on a chro-
matographic basis alone.
In a previous publication we reported the regiose-
lective dechlorination of PCBs in ECNI by using
methane as the moderator gas [8]. When large amounts
of oxygen were added to methane, the oxygen addi-
tion-induced dechlorination of PCBs was not regiose-
lective [9]. Under these latter conditions, it is difficult
to assign unequivocally a reaction mechanism due to
the variety of reactants present in the source. Other
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researchers have used a pulsed electron beam high
pressure mass spectrometer to obtain reaction rate
constants for a few chloroaromatic anions with oxygen
[10]. The present work uses tandem mass spectrometry
to study the formation of these [M + 0 - en ions
from 10 chloroaromatic compounds by selection of the
molecular radical anion and reaction of it with oxygen
in the collision cell.
Materials and Methods
The PCB congeners studied are identified by their
IUPAC number and were purchased from Analabs
(Norwalk, CT). These congeners are 101 (2,2',4,5,5'-
Cl s)' 118 (2,3',4,4'.s-ci.i 146 (2,2' ,3,4,6,6'-Cl 6 ) , 153
(2,2',4,4',5,5'-C1 6 ) , 180 (2,2',3,4,4',5,5'-C1 7 ) , 194
(2,2' ,3,3' ,4,4' ,5,5' -CIs), 200 (2,2',3,3',4,5',6,6'-Cls), and
209 (decachlorobiphenyl). Pentachlorobenzene (pheCl5)
and hexachlorobenzene (pheCl6) were purchased from
Aldrich Chemical Co. (St. Louis, MO). All the chloroor-
ganics were dissolved in Accusolv ® grade cyclohex-
ane (Anachemia, Ville St-Pierre, Canada). The
chloroorganic solutions were mixed in various propor-
tions so that the intensities of the molecular ions
roughly were equal for most compounds. Final concen-
trations of the chloroaromatics were 5 ng/mL for 209,
200, 194, and 180, 400 ng/mL for 153, 1 jLg/mL for
146, 118, 101, and pheCl6, and 2 jLg/mL for pheCl5.
The mixture was analyzed by gas chromatography by
using a Fisons 8060 (Pisons, Manchester, UK) equipped
with a 25-m HP-5 column (O.2-mm-i.d., 0.32-jLm film
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Charge transfer is another possible reaction:
that loses OCI' to produce the [M + °- 0] ions [4]:
Simple fragmentation of the radical anion through
collision-induced dissociation is also possible:
(2)
(3)
(4)
ArCl~' -> ArCl~-1 + Cl '
ArCl~' -> ArCl~_1 + Cl-
thickness). The column temperature was programmed
from 100 to 210 °C at 20 °C/min, then to 280 °C at 8
°C/min, and finally to 310 °C at 20 °C/min and held at
310 °C for 3 min.
The experiments were performed in negative ion
chemical ionization mode by using a VG Quattro II
(Pisons) with methane as the moderator gas. Source
pressure and temperature were, respectively, 1 X 10-4
mbar and 100 "C. Oxygen (99.6%; Air Products, LaSalle,
Canada) was used as the collision gas. All data acquisi-
tions were performed with a 54-u window selected to
include the ions of interest. All experiments were per-
formed in duplicate.
Results and Discussion
The first experiment consisted of evaluation of the
relative transmission of the molecular ions with and
without oxygen in the collision cell. Table 1 presents
the transmission percentage of one member of the
molecular ion cluster with an oxygen pressure of 1.0 X
10-3 mbar in the collision cell. Under these conditions,
the perfluorotributylamine spectrum was reduced to
25% of its original intensity. The molecular ions se-
lected are those that were used in the M - 211M - 19
ratio determination experiment described in the fol-
lowing text.
The data in Table 1 show that there is a correlation
between the number of chlorines on the aromatic ring
and the transmission of these ions through the collision
cell. The lower chlorinated compounds 101, 118, 146,
and 153 seem to interact more with oxygen than the
higher chlorinated 180, 194, 200, and 209. Moreover,
this interaction is not related to the mass or the size of
the molecules, as the pentachloro- and hexachloroben-
zene have transmission yields similar to those of the
most highly chlorinated PCBs.
There are many interactions possible between
organochlorine radical anions and 02' The first reac-
tion (eq 1) involves formation of a radical intermediate
Fragmentation of a nominal Ar02Cl~' intermediate
also has been proposed [10];
(5)
The precursor ions within the molecular ion cluster
were selected for an experiment designed to determine
whether a kinetic isotope effect could be detected in
the dechlorination reactions, because significant chlo-
rine isotope effects have been observed for many
chloroaromatic compounds in mass spectrometry [11].
These ions then were used as precursor ions through-
out this study. The precursor ions chosen were those
that produced the highest M - 21 intensities among
their daughter ions, to get the best precision for the
calculation of the M - 211M - 19 ratio. High intensity
for the M - 21 daughter ion is important because this
ion, which arises from the loss of 37Cl from the precur-
sor ion, normally is less intense for most precursor ions
within the molecular ion cluster than the M - 19 ion
that is produced by the loss of a 35Cl. The M - 211
M - 19 ratio for the [M + 0 - Cl] ions should be
identical to the 37Cl/35Cl ratio of the precursor ion if
the dechlorination reaction is not affected by an iso-
tope effect due to the departing chlorine. To get high
Table 1. Percentage transmission and 37Clj35 Cl content of the precursor ions and of the
[M + 0 - Cl] ions of various chloroaromatics"
Compound
Percentage
transmission
Precursor
ion
37 CI/35 C1
in precursor
M-21jM-19b
in(M+O - CIl
PheCI5
PheCI6
101
118
146
153
180
194
200
209
22 (2.8lc
39 (3.8)
4.1 (1.0)
8.3 (1.8)
11 (2.1)
9.3 (1.8)
20 (4.9)
33 (5.0)
18 (2.6l
58 (8.4)
252 (M +4)
286 (M+4)
328 (M +4)
328 (M+ 4)
362 (M + 4)
396 (M+4)
396 (M +4)
432 (M + 6)
432 (M + 6)
500 (M + 6)
2/3
2/4
2/3
2/3
2/4
2/4
2/5
3/5
3/5
3/7
0.66 (0.014)
0.50 (0.00)
0.66 (0.02)
0.67 (0.00)
0.50 (0.05)
0.50 (O.OO)
0.39 to.ooi
0.58 (0.01)
0.58 (0.01)
0.44 (0.00)
a Oxygen pressure, 1 x 10 - 3 mbar; collision energy, 5 eV.
b Ratio of the measured intensities of the M - 21 and M - t 9 ions.
e Numbers in parentheses are the standard deviation of the duplicate.
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Figure 1. Daughter ion mass spectrum of my": 362 of PCB 153
with oxygen in the collision cell (1.0 X 10- 3 rnbar, collision
energy 5 eV) acquired over the scan range employed (m l z
322- 376).
intensities for the M - 21 ions, two conflicting param-
eters must be balanced. The precursor ion selected
within the molecular ion cluster must be as intense as
possible and the 37Clj35CI ratio of the precursor ion
must be as high as possible also. The M - 19 and
M - 21 intensities will depend on the product of these
two values. For example, for any compound that con-
tains six chlorines, the most intense ion of the molecu-
lar cluster is the M + 2 ion, but the 37Clj35CI ratio of
this ion is only 0.2 (l37CljS35Cl). The intensity of a
M - 21 daughter ion produced from the M + 2 ion
would be smaller than the one produced from the
M + 6 ion, which is onlls 34% as intense as the M + 2,
but which has a 37Clj SCI ratio of 1.0 (337CI/335CI).
The highest M - 21 intensity for compounds that con-
tain six chlorines is obtained with the M + 4 ion,
which has 80% of the intensity of the M + 2 and a
37CI/sCl ratio of 0.5 (2 37Cl/4 35CI). The selected pre-
cursor ions for the variously substituted chloroaromat-
ics are listed in Table 1.
Figure 1 shows a typical mass spectrum of the
daughter ions of the rn/z 362 M + 4 radical anion of
153. Reaction 3 may be discounted because no M - 35
ions could be observed. The Ar02CI;, ' intermediate at
M + 32 also could not be detected. The need for a
third body to absorb collision or reaction energy and
stabilize such a composite reaction complex is well
known. Our data do not support or refute the interven-
tion of such an agent, but rather the failure to detect an
intact Ar02CI ;;-' argues against the possibility that such
a complex exists with a half-life that is significant on
the time scale of the instrument transit time. The
interpretation we make is that with or without the
presence of a third body, the complex decomposes
immed iately into the products of eq 1. Formation of
the [M + 0 - Cl] ions was very efficient because these
ions were often more intense than the precursor ions,
as seen in Figure 1.
Table 1 presents the measured M - 2ljM - 19 ra-
tios of the [M + 0 - CI] ions of the various chloroor-
ganics and the corresponding 37Clj35CI ratio of their
precursor ions. It is clear that these two ratios are
identical for each compound and that there is no mea-
surable isotope effect in this dechlorination reaction.
To investigate the first step of reaction 1, the effect
of varying the relative concentration of O 2 on the
100
%
343
;
341
325 330 335 :J.4O 345
362
formation of the [M + 0 - CI] ions was investigated.
Figure 2 presents the intensities of the [M + 0 - Cll
(as the sum of the M - 19 and M - 21 ions, thick
lines, left axis) and their precursor ions (dashed lines ,
right axis) for various oxygen pressures with a colli-
sion energy of 5 eV. The [M + 0 - CI] ion intensities
could not be normalized with respect to their precur-
sor ion for many of the compounds studied because at
high O 2 pressures the precursor intensities of some
compounds fell to zero. For almost every compound,
the intensities of the [M + 0 - CI] ions increase with
increasing oxygen pressure up to a maximum and then
decrease. This behavior is probably owing to two fac-
tors: (1) increased production of the [M + 0 - Cl] ions
with increasing oxygen pressure and (2) a reduced ion
transmission with increasing pressures. For every com-
pound, a decrease of the intensity of the precursor ion
of approximately 2 orders of magnitude was observed
within this pressure range. The intensities of the [M +
o - Cl] ions for a given compound were directly pro-
portional to the amount of material injected.
Figure 2 shows that the oxygen pressure at which
the [M + 0 - CI] ion intensities maximize depends on
the extent of chlorine substitu tion on the aromatic
rings. The maxima for the penta- and hexachloro-
biphenyls are at 1.0 X 10 - 3 mbar, whereas for the
hepta-, octa-, and decachlorobiphenyl and for pen-
tachlorobenzene they are at 3.0 X 10-3 mbar. For hexa-
chlorobenzene the highest value is at 6 X 10 - 3 mbar,
which probably reflects the relative affinity of the radi-
cal anions for oxygen, the more highly substituted
aromatics are more stable and less reactive than the
lesser. This is also consistent with the general trend
toward lower [M + 0 - Cl]/M ratio for the more sub-
s titu ted chloroaromatics. This lower ratio could
explain the difference in the transmission of the pre-
cursor ions observed in Table 1, in which the less
chlorinated compounds have a lower transmission than
the more chlorinated ones, presumably because the
former react more readily with oxygen than do the
latter. In work with a pulsed electron beam high pres-
sure mass spectrometer, Knighton et a1. [10] also ob-
served that pentachlorobenzene was more reactive than
hexachlorobenzene toward oxygen.
The same daughter ion experiment was repeated for
the same ions with the O 2 pressure fixed at 3.0 X 10- 3
mbar but with increasing collision energies. This value
corresponds, with this instrument, to the lower lim it of
the pressure range (3.0 X 10 - 3 to 3.0 X 10- 2 mbar) in
which the ions undergo sufficient collisions in the cell
to be thermalized. Because we are so close to that
limit, the collision energy indicated ma y be slightly
different than the true coll ision energy . Consequently,
the collision energies presented in Figure 3 are the
indicated collision energies. Because any residual en-
ergy due to incomplete thermalization of the transmit-
ted ions also could affect the efficiency of their trans-
mission through the cell, their in tensities may be
slightly overestimated at the higher collision energies.
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Figure 3 presents the [M + 0 - Cl] (thick lines, left
axis) and their precursor ion (dashed lines, rig ht axis)
intensities versus collision energy. The in tensities of
the precursor ions for 101, 118, 146, and 153 decrease
with increasing collision energies, whereas the intens i-
ties of the other chloroaromatics generally increase at 5
and 10 eV to decrease rapidly at 15 eV. This transien t
increase in precursor ion intensities observed at in ter-
mediate collision energies could be attributed to better
focusing of these ions at these energies. This also could
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explain the slight increase in the [M + 0 - Cl] ion
intensities observed at these energies for 200 and de-
cachlorobiphenyl. Nevertheless, for every compound,
the [M + 0 - Cl] intensities become very small at
15 eV.
These results suggest that the formation of [M + 0
- Cl] ions is a low energy process and that at higher
energies, other reactions compete with this reaction to
produce 0i' and Cl ", This situation is reflected in the
concurrent decrease in the intensity of the precursor
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Figure 3. Variation of the sums of the intensities of the M - 19 and M - 21 ions of various
chloroaromatic compounds with indicated collision energy. Oxygen pressure, 3.0 X 10-3 mbar. The
left axis and thick lines are the intensity of the [M + 0 - Cl] ions; the right axis and dashed lines
are the intensities of the precursor ions. Numbers on the curves refer to specific PCB congener. The
146 intensities were multiplied by 10.
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ion (Figure 3) and an increase of Oz' (Figure 4, thick
lines, left axis) and 0- (Figure 4, dashed lines, right
axis) at collision energies higher than 10 eV.
According to the literature, reactions 4 and 5 both
contribute to formation of 0- [10]. To test the contri-
bution of reaction 4 to the production of Cl- at higher
energies, argon was used at 3 X 10-3 mbar as the
collision gas instead of oxygen. These results, pre-
sented in Table 2, show that at 5 eV, the intensities of
the 0- ions are comparable and reasonably indepen-
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Figure 4. Variation of the o. daughter ion intensity for various chloroaromatic compounds with
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Table 2. Combined intensit ies of the 37CI and 35C1ions di vided
by the intens ity of a selected molecular ion" for various
ch loroaroma tic compounds using a rgon or oxyge n in the
collision cell"
Compounds Argon Oxygen
PheCI5 1.0 6 (0 .1 6)C 0.90 (0 .05)
PheCI6 0.43 (0.01) 0 .73 (0.03)
118 1.95 {0 .081 0 .65 (0 .04)
153 0 .57 (0 .08) 0 .62 (0 .06)
180 0.62 (0 .02) 0 .51 (0 .03)
194 0.32 (0.01) 0 .38 (0.01)
200 0.49 (0 .06) 0 .28 (0.02)
209 0.39 (0.02) 0 .27 (0 .03)
a The molecul ar ions selected are th ose list ed in Table 1.
b Collis ion gas pressure. 3 x '0 - 3 mb ar; coll ision energy. 5 eV.
CNumber s in parentheses are th e sta nda rd deviation.
dent of the nature of the collision gas. Thus, at collision
energies higher than 5 eV, the proportion of Cl " gener-
ated by simple cm is likely to be important.
Reaction 2 was investigated by monitoring 0 i' in
the daughter ion mode with the same precursor ions
while collision energies were vari ed . Figure 4 shows
the variation of the intensity of the 0 i ' ion with
collision energies at 3.0 X 10-3 mbar. All observations
show increases with increasing collision energy, to
reach ma xima at about 25 eV. More important than the
increa se of intensities of this ion with increasing colli-
sion energy, which could be influenced by variations
in the transmission of this ion throu gh the cell depend-
ing on the energy imparted to the precursor ions, is the
correlation of the absolute 0 i ' intensities with the
number of substitu ents. The more chlorinated com-
pounds generate smaller 0 i ' intensities than the lesser
chlorinated ones. No data are p resented for 194 and
decachlorobiphenyl in Figure 4 because the 0 i' inten-
sities were too small to be significan t.
Figure 4 demonstrates that reaction 2 occurs and
that, for the same collision ene rgy, the intensities of
0i' are larger for the less chlorinated aromatics than
for the more chlorinated ones, which is likely due to
the relative electron affinities of the various species
invo lved . The electron affini ty of pentachlorobenzene
was determined by Knighton et al. [10] to be 0.7 eV
ve rsus 1.0 eV for hexachlorobenzene and 0.4 eV for
oxygen. For a compound that has a greater electron
affini ty than oxygen, the equilibrium will favor the
reverse reaction 2 and this can explain the lower inten-
sities of 0 i ' observed for hexachloro- than for pen-
tachlorobenzene. Because electron affini ty is related to
the number of chlorine subs tituen ts (as seen for the
chlorobenzenes), the more chlorinated PCBs, along
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with the penta- and hexachlorobenzene, are likely to
ha ve higher electron affinities and will generate lower
0 i ' intensities than the lesser chlorinated PCBs. Be-
cause penta- and hexachlorobenzene are more elec-
tronegative than oxygen [lOt the or found in these
experimen ts likel y is produced in an endo thermic reac-
tion and kinetically controlled conditions probably
apply.
Conclusion
The mole cular anions of PCBs and chlorobenzenes
with various level s of chlorination react efficiently with
oxygen in the collision cell of a triple quadrupole. The
nature of the chloroarornatic, mostly the extent of
chlorine substitu tion, is a key parameter that controls
the formation of [M + a - Cl] ions and the extent of a
competing charge-transfer reaction. Simple collision in-
duced dis sociation of the molecular anion also was
observed . The dechlorination reaction that gives rise to
the [M + a - Cl] ion is not affect ed by a measurable
chlor ine isotope effect.
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